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1275 York Avenue (reviewed in Bernfield et al., 1999). In Drosophila, pheno-
typic analysis of mutations that alter proteoglycan coreNew York, New York 10021
proteins and enzymes that control GAG synthesis have
demonstrated that proteoglycans are required for effi-
cient signaling by growth factors essential for develop-Summary
mental patterning including the TGF family member
Decapentaplegic (Dpp), the Wnt protein Wingless (Wg),In vitro studies have suggested that proteoglycans
facilitate signaling by mammalian growth factors, but and the Fgf-family member Branchless (Baeg et al.,
2001; Bellaiche et al., 1998; Binari et al., 1997; Hackergenetic evidence supporting this role has been lack-
ing. Here, we characterize the ENU-induced mutation et al., 1997; Haerry et al., 1997; Lin et al., 1999; The et
al., 1999; Tsuda et al., 1999). In vertebrates, experimentallazy mesoderm (lzme), which disrupts the single
mouse gene encoding UDP-glucose dehydrogenase evidence has suggested that proteoglycans have roles
in cell migration, morphogenesis, cell proliferation, and(Ugdh), an enzyme required for the synthesis of the
glycosaminoglycan (GAG) side chains of proteogly- cell fate (reviewed in Bernfield et al., 1999). Mouse muta-
tions in several proteoglycan core proteins and enzymescans. lzme mutants arrest during gastrulation with de-
fects in migration of mesoderm and endoderm, a phe- required for GAG synthesis have been generated and
studied (reviewed in Selleck, 2000). However, the com-notype similar to that of mutants in the fibroblast
growth factor (Fgf) pathway. Analysis of the expres- plexity of the mouse mutant phenotypes has made it
difficult to dissect whether proteoglycans modify thesion of molecular markers indicates that Fgf signaling
is blocked in lzme mutant embryos. In contrast, signal- activity of mammalian growth factors in vivo.
We have identified several ENU-induced mutationsing by the growth factors Nodal and Wnt3, which are
also essential during mouse gastrulation, appears to that disrupt gastrulation of the mouse embryo (Kasarskis
et al., 1998; http://mouse.ski.mskcc.org/; our unpub-be normal in lzme embryos. The results demonstrate
that proteoglycans are required during mouse gastru- lished data); one of these is lazy mesoderm (lzme). Here,
we show that lzme mutant embryos arrest during gastru-lation specifically to promote Fgf signaling.
lation with defects in mesoderm and endoderm migra-
tion, a phenotype similar to that of Fgf8/ embryos.
Using map-based cloning, we demonstrate that theIntroduction
gene responsible for the lzme phenotype encodes UDP-
glucose dehydrogenase (Ugdh), an enzyme required forCell fate specification and morphogenesis during gas-
trulation of the mouse embryo require the coordinated the synthesis of the GAG side chains of proteoglycans.
Taking advantage of previous studies on the targets ofactivity of transforming growth factor  (TGF), Wnt,
and Fgf signaling pathways. The initiation of the primitive the Wnt, Nodal, and Fgf signaling pathways in the early
mouse embryo, we find that Fgf signaling is blocked instreak and specification of mesoderm require Nodal
(TGF) and Wnt3 signaling (Brennan et al., 2001; Liu et lzme mutants, but Wnt3 and Nodal signaling appear
undisturbed. The findings demonstrate that proteogly-al., 1999). As gastrulation proceeds, cells in the primitive
streak acquire a mesenchymal morphology, delaminate cans are required specifically for Fgf signaling during
mouse gastrulation.from the posterior embryonic ectoderm, and migrate
to form the mesoderm and definitive endoderm of the
embryo (reviewed in Tam and Behringer, 1997). The Fgf Results
signaling pathway is required for normal mesoderm mi-
gration, as demonstrated by the phenotypes of embryos Abnormal Mesoderm and Endoderm Migration
that lack Fgf signaling components. In Fgf8 mutant em- in lzme Embryos
bryos, mesodermal cells accumulate in the primitive The lzme mutation was identified in an ENU mutagenesis
streak and protrude into the amniotic cavity because screen designed to identify mutations that alter embry-
cells can not properly migrate away from the primitive onic patterning at E9.5 (Kasarskis et al., 1998; http://
streak (Sun et al., 1999). Mutants lacking Fgf receptor mouse.ski.mskcc.org/). lzme mutant embryos arrested
1 (Fgfr1) also display defects in mesoderm migration, during gastrulation with a stereotyped, abnormal mor-
manifested as absence of paraxial mesoderm and a phology. At the onset of gastrulation, lzme embryos
thickened primitive streak (Deng et al., 1994; Yamaguchi were morphologically indistinguishable from wild-type
et al., 1994). littermates (see below, Figures 6A and 6B). By E7.5,
Proteoglycans are abundant components of the extra- lzme embryos had an abnormal mass of cells in the
cellular matrix and are composed of core proteins with amniotic cavity (Figures 1A and 1B). This ball of cells
covalently attached glycosaminoglycan (GAG) polysac- was connected to the posterior side of the embryo,
as evidenced by the opposite expression of anterior
markers such as Hex1 (Figure 1B; Thomas et al., 1998).*Correspondence: k-anderson@ski.mskcc.org
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Figure 1. The lzme Phenotype
(A and B) Wild-type and lzme mutant embryos dissected at embryonic day (E)7.5 and analyzed for Hex1 expression in the AVE by in situ
hybridization (arrowheads). In all figures, whole-mount embryos are lateral views; extraembryonic, up; posterior, to the right.
(C–F) Immunohistochemical staining with laminin antibodies of sagittal (C and D) and transverse (E and F) sections of wild-type and lzme
embryos. (C–F) Enlarged portions of (C)–(F). Open arrowheads point to enriched expression of laminin in the basement membrane between
epithelial and mesenchymal cells of the epiblast. Brackets in (E) and (F) mark the endodermal cell layer, which is abnormally thick at the
posterior side of lzme mutants. In wild-type embryos, laminin expression is interrupted at the primitive streak, correlating with the delamination
of epithelial cells from the epiblast (arrows in [E] and [E]). In lzme mutants, laminin expression is interrupted in a larger region (arrows in [F]
and [F]), and mesenchymal cells delaminate from the epiblast but fail to migrate efficiently to the mesodermal wings. Abbreviations: ch,
chorion; ee, embryonic ectoderm; and mw, mesodermal wing. Scale bars: 50 m.
The accumulation of cells in the amniotic cavity of the embryo instead of being distributed in all cells lining
the exocoelomic cavity (Figures 2A and 2B). Similarly,lzme embryos appeared to be the result of a failure
of mesodermal migration. Laminin is abundant in the Flk1, a marker of endothelial precursor cells that popu-
late in the mesodermal layer of the yolk sac (Yamaguchibasement membrane between the epiblast and the me-
sodermal layers of the gastrulating wild-type embryo et al., 1993), was only expressed at the posterior extra-
embryonic region in lzme mutants (Figures 2C and 2D).(Figures 1C, 1C, 1E, and 1E, arrowheads). Laminin
staining in lzme embryos defined two layers within the These results indicate that the mesodermal components
of the amnion, chorion, and visceral yolk sac could notball of cells in the amniotic cavity: an epithelial layer
continuous with the epiblast and a central region of cells properly migrate from the posterior side of the embryo,
where these cells originate from the primitive streak.with mesenchymal morphology (Figures 1D, 1D, 1F, and
1F). The mesenchymal cells in the bulge were continu- Despite the abnormal migration of extraembryonic
mesoderm cells, lzme mutants did form a rudimentaryous with the mesodermal wings (Figure 1F), suggesting
that these cells had failed to migrate efficiently away allantoic bud marked by Tbx4 expression (Figures
2E–2H).from the primitive streak. A similar failure of mesoderm
migration has been described in Fgf8 and Fgfr1 mutant Endoderm cells also failed to migrate correctly in lzme
embryos. During gastrulation, the layer of primitive en-embryos (Deng et al., 1994; Sun et al., 1999; Yamaguchi
et al., 1994). doderm surrounding the epiblast is replaced by the de-
finitive endoderm that originates in the anterior primitiveExtraembryonic mesodermal cells, which originate
from the proximal primitive streak, also failed to migrate streak. The endodermal cell layer at the posterior side of
the lzme epiblast was thicker than in wild-type, probablynormally in lzme embryos. Extraembryonic structures
such as chorion, amnion, and allantois were present due to the accumulation of definitive endoderm cells
that could not migrate (Figures 1E and 1F, brackets).(Figures 2G and 2H), and markers for extraembryonic
mesoderm were expressed but in abnormal positions. Cer1 is expressed in both the anterior primitive endo-
derm (AVE) and the anterior mesendoderm, a definitiveBmp4, a marker for extraembryonic mesoderm (Winnier
et al., 1995), was detected only at the posterior side of endoderm cell population that derives from the anterior
GAGs and Mouse Gastrulation
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Figure 2. Migratory Defects of Primitive Streak-Derived Cells in lzme Embryos
E7.5 wild-type and lzme mutant embryos hybridized with probes for Bmp4 (A and B), Flk1 (C and D), Tbx4 (E and H), and Cer1 (I and J). (G
and H) Sagittal sections of the embryos shown in (E) and (F) counterstained with hematoxilin-eosin. Abbreviations: am, amnion; ch, chorion;
and all, allantois. Markers for extraembryonic ectoderm (FGFR2, Orr-Urtreger et al., 1991) and endoderm (ERR, Luo et al., 1997; TTR, Makover
et al., 1989; eHAND, Saga et al., 1999) were expressed correctly in lzme mutants (not shown).
end of the primitive streak and migrates anteriorly (Fig- the Fgf signaling pathway directly, we examined the
expression of mSprouty2 (mSpry2), a negative regulatorure 2I; Belo et al., 1997). Cer1 was correctly expressed
in the AVE of lzme embryos (Figure 2J), but the mesen- of Fgf signaling that is a direct transcriptional target of
the Fgf pathway (Minowada et al., 1999). In gastrulatingdoderm expression was located adjacent to the primi-
tive streak (Figure 2J, arrowhead), indicating that these wild-type mouse embryos, mSpry2 is expressed ubiqui-
tously at low levels in the epiblast and at high levels indefinitive endodermal cells did not migrate away from
their origin. Similar abnormalities in mesendoderm mi- the primitive streak (Figure 3G). mSpry2 is expressed at
low levels throughout Fgf8/ mutants, indicating thatgration have been described in Fgf8 mutant embryos
(Sun et al., 1999). Fgf ligands are responsible for the transcriptional upreg-
ulation of mSpry2 at the primitive streak (Minowada et
al., 1999). As in Fgf8/ embryos, mSpry2 was not ex-Fgf Signaling Is Blocked in lzme Embryos
pressed at high levels in the streak of lzme mutantsTo investigate the similarities between the lzme and
(Figure 3H). The reduced expression of downstreamFgf mutant phenotypes, we assayed the expression of
readouts of Fgf activity in lzme embryos, together withmolecular markers that depend on Fgf signaling. Tbx6,
the similarity of the morphological phenotypes of lzmea gene required for proper paraxial mesoderm specifica-
and Fgf8 embryos, indicate that the lzme mutation dis-tion (Chapman and Papaioannou, 1998), is expressed
rupts Fgf signaling at a step downstream of expressionby cells in and exiting the primitive streak (Figure 3A;
of the ligand.Chapman et al., 1996) but is not expressed in Fgf8/
embryos (Sun et al., 1999). Similarly, Tbx6 expression
was never detected in lzme mutants (Figure 3B). The lzme Encodes UDP-Glucose Dehydrogenase
Meiotic recombination mapping localized the lzme mu-cell adhesion protein E-cadherin is expressed at high
levels in the epiblast (Figures 3C and 3C; Damjanov tation to a 330 kb region on chromosome 5 that con-
tained seven predicted transcription units (Figure 4A;et al., 1986) and must be downregulated to allow the
epithelial-mesenchymal transition and mesoderm mi- Experimental Procedures). One interesting candidate in
the interval was the single mouse gene encoding Ugdhgration at the primitive streak (Burdsal et al., 1993). The
cells that accumulate in the primitive streak of Fgfr1 (Spicer et al., 1998). Ugdh catalyzes the conversion of
UDP-glucose to UDP-glucuronate, the source of the es-mutants do not downregulate E-cadherin (Ciruna and
Rossant, 2001). Similarly, the mesenchymal cells that sential glucuronate subunits of GAGs (Hempel et al.,
1994). Drosophila Ugdh (sugarless) is required for Fgfaccumulated in the amniotic cavity in lzme mutants ex-
pressed E-cadherin (Figures 3D and 3D). These results signaling (Lin et al., 1999), making this a reasonable lzme
candidate gene. The sequence of RT-PCR products am-demonstrate that Fgf signaling and lzme regulate com-
mon targets in the early embryo. plified from lzme mutant embryos revealed a six nucleo-
tide insertion in the Ugdh transcript at the junction ofFgf8 was expressed in the primitive streak of both
wild-type and lzme embryos (Figures 3E and 3F). Thus, the seventh and eigth exons (Figure 4B; position 905
of the Ugdh open reading frame), which would introducethe similarity between the lzme and Fgf8 phenotypes
was not due to a failure of Fgf8 expression in lzme two additional amino acids into the open reading frame
(Figure 4C). The six extra nucleotides in the transcriptmutants. To assess whether the lzme mutation affected
Cell
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Figure 3. Molecular Markers Diagnostic of Fgf Signaling
Whole-mount in situ hybridization of E7.5 embryos with probes for Tbx6 (A and B), Fgf8 (E and F), and mSpry2 (G and H). In lzme embryos,
Tbx6 is not expressed at the primitive streak (B), nor is mSpry2 upregulated on the posterior side of the embryo (H), although Fgf8 ligand is
expressed in mutant embryos (F). (C and D) Immunohistochemistry with anti-E-cadherin antibodies. (C–D) Enlarged portions of (C) and (D).
Arrowheads in (C) and (C) point to mesodermal cells of wild-type embryos, which do not express E-cadherin. In lzme mutants (D–D), the
mesenchymal cells that successfully migrated do not express detectable E-cadherin (arrowheads). In contrast, the cells in the center of the
ball of cells in the amniotic cavity express E-cadherin (arrow), although they have mesenchymal morphology.
were present in the intronic sequence immediately up- in lzme embryos. Heparan sulfate, a polymer of N-acetyl-
glucosamine and glucuronate that is attached to proteo-stream of the 3 splicing site, suggesting that the inser-
tion in Ugdh transcript was the result of aberrant splic- glycan core proteins, is an abundant component of the
extracellular matrix in mammals. In the gastrulatinging. Analysis of the genomic sequence spanning the
seventh intron from lzme embryonic DNA revealed a T mouse embryo, heparan sulfate surrounds all cells and
is enriched at the base of the epiblast layer and theto G change at position 7 of the splice acceptor site,
which generated a new AG splice acceptor (Figure 4B). distal side of the chorion (Figures 5A and 5A). No he-
paran sulfate was detectable in lzme embryos (FiguresThis genomic change created a MaeI restriction frag-
ment length polymorphism that we used to confirm link- 5B and 5B; compare to heparitinase I-treated wild-type
embryos in Figures 5C and 5C). We found that chondroi-age of the mutation in the Ugdh locus to the lzme pheno-
type. Linkage was confirmed in all lzme recombinants tin sulfate, a polymer of N-acetylgalactosamine and glu-
curonate, was present in wild-type embryos in only abetween the flanking markers that defined the lzme in-
terval. No wild-type Ugdh splice form was detected in subset of the regions that contain heparan sulfate and
was enriched around mesodermal cells (Figure 5E andE7.5 lzme embryos by RT-PCR (see Experimental Proce-
dures), indicating that all or nearly all Ugdh transcripts 5E). Chondroitin sulfate could not be detected in lzme
embryos (Figures 5F and 5F). Thus, although lzme em-in lzme mutants are spliced incorrectly.
Ugdh was expressed broadly in E7.5 embryos (Figure bryos have well-defined laminin-expressing basement
membranes (Figure 1), there was no detectable heparan4D), consistent with a role in gastrulation. Expression in
the embryonic region was restricted to the epiblast and sulfate and chondroitin sulfate in the extracellular matrix
of gastrulating lzme embryos.was not detected in the visceral endoderm. Ugdh was
expressed widely at later stages of embryogenesis, but The similar phenotypes of lzme, Fgf8, and Fgfr1 mu-
tants (Deng et al., 1994; Sun et al., 1999; Yamaguchi etUgdh transcripts were present at higher levels in specific
regions in a stage-specific manner, including the cardiac al., 1994) raised the possibility that Fgf signaling might
regulate GAG synthesis. However, in contrast to lzmeregion, allantois, forebrain and hindbrain, tail bud, otic
vesicle, branchial arches, and limbs (Figures 4E–4I). In- embryos, both heparan sulfate and chondroitin sulfate
were present in Fgf8 embryos (Figures 5D, 5D, 5H, andterestingly, all these regions correspond to areas of
strong Fgf expression (Crossley and Martin, 1995; Kelly 5H). Therefore Fgf signaling is not required for proteo-
glycan synthesis, confirming that the lzme mutationet al., 2001; Martin, 1998; Wilkinson et al., 1988).
Ugdh catalyzes the reduction of UDP-glucose to UDP- causes a specific block in GAG production.
glucuronic acid, an essential substrate for the biosyn-
thesis of GAGs including heparan sulfate, heparin, chon- Activity of the Nodal and Wnt Signaling Pathways
in lzme Embryosdroitin sulfate, and dermatan sulfate (Hempel et al.,
1994). To test whether the lzme mutation affected GAG Genetic analysis in Drosophila has shown that Ugdh is
required for Wg and Dpp signaling, in addition to its roleproduction, we examined the products of Ugdh activity
GAGs and Mouse Gastrulation
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Figure 4. lzme Positional Cloning and Localization of Ugdh Transcripts
(A) Map of lzme interval highlighting the markers used to delimit the position of the lzme mutation. Numbers indicate recombinants/total
recombination opportunities analyzed for each marker. The area between markers D5SKI7 and D5SKI17 is expanded below, showing the
transcription units present in the region: Klb, Klotho- (lactase-phlorizin hydrolase-related); 60S RPL9, 60S ribosomal protein L9; Lias, lipoic
acid synthethase; Hip2, Huntingtin interacting protein 2; Adaptin related, transcript homologous to human adaptin gene; and “?,” predicted
transcript in the Celera database without homology to known genes.
(B) Sequence of the Ugdh locus at the seventh intron splicing acceptor site for the wild-type and lzme alleles. The green boxes correspond
to the eigth exon, and yellow circles to acceptor splicing sites. The T to G mutation in the lzme locus, indicated in red, generates a new splice
acceptor site, causing the insertion of six additional nucleotides (in brackets) in the mutant transcript.
(C) Sequence comparison of the mouse, human, fly, and bacterial Ugdh enzymes in the region surrounding the lzme mutation. The lzme
mutation causes the insertion of amino acids Phe and Gln at position 304 of Ugdh, indicated in red. Structure prediction programs suggest
the insertion will not change the secondary structure of the enzyme but will affect the position of the conserved Asn residue (purple dot)
within the -helix (green cylinder); this residue is believed to be required for productive folding or maintenance of structural integrity (Campbell
et al., 2000).
(D–I) In situ hybridization with Ugdh probe in wild-type embryos of the stages indicated in the panels. At E7.5, (D) Ugdh is expressed in all
cells of the epiblast but is absent from the endoderm. The arrowhead in (D) points to the more external layer of the embryo, the endoderm,
which does not express Ugdh, as confirmed upon sectioning (not shown). All extraembryonic lineages express Ugdh at this stage (not shown).
At E8.5 (E), expression is upregulated in the cardiac region (arrowhead) and the tailbud. At E9.0, (F), there is high expression in the head,
except for a gap in the hindbrain (arrowhead). At E9.5 (G), the areas of higher expression correspond to the otic vesicle (ov) and first branchial
arch (ba). At E10.5 (H–I), expression is upregulated in the forebrain, frontonasal processes, the first and second branchial arches (H), and in
the limb buds (I).
in Fgf signaling (reviewed in Baeg and Perrimon, 2000). 2001; Liu et al., 1999), but nodal was expressed in E7.5
lzme embryos (Figures 6M and 6N). Fgf8 is not ex-In mouse, signaling by Wnt3 and Nodal is required for
mesoderm induction in the early embryo (Conlon et al., pressed in nodal and Wnt3 mutants (Brennan et al.,
2001; Liu et al., 1999), but lzme embryos correctly ex-1994; Liu et al., 1999). lzme embryos initiate gastrulation
and specify mesodermal cells, suggesting that Nodal pressed Fgf8 at the primitive streak (Figures 3E and
3F). The spatial pattern of expression of some of theseand Wnt3 signaling may be active in these mutant em-
bryos. To address this issue directly, we examined the markers was abnormal in lzme mutants compared to
wild-type embryos, probably due to the defects in Fgfexpression of molecular markers that depend on Nodal
and Wnt3 signaling in lzme mutant embryos. signaling (Figures 2A, 2B, 6C, 6D, 6K, and 6L). For exam-
ple, Bmp4 expression was limited to the posterior sideOne of the first signs of mesoderm induction is the
expression of the gene Brachyury (T ) in the proximal of lzme embryos (Figure 2B) as a result of abnormal
mesoderm migration. T and Lefty2 were expressed atepiblast (Thomas and Beddington, 1996). T is not ex-
pressed in nodal or Wnt3 mutant embryos (Brennan et low levels in the lzme primitive streak (Figures 6C, 6D,
6K, and 6L), and similar expression is seen in Fgfr1 andal., 2001; Liu et al., 1999), but T expression was properly
initiated in the primitive streak of E6.5 lzme mutants Fgf8 mutants (Ciruna and Rossant, 2001; Sun et al.,
1999; not shown). Altogether, the marker analysis indi-(Figures 6A and 6B). Nodal is required for expression of
Bmp4, Wnt3, mEomesodermin (mEomes), Cripto, and cated that the Wnt3 and Nodal signaling pathways were
not affected by the absence of detectable heparan sul-Lefty2 during gastrulation (Brennan et al., 2001), and all
of these genes were expressed in lzme mutants (Figures fate and chondroitin sulfate proteoglycans.
As the requirement for Ugdh in Drosophila Wg (Wnt)2A, 2B, and 6E–6L). Both Wnt3 and Nodal itself are
required for nodal expression at E7.5 (Brennan et al., signaling is particularly well established, we tested di-
Cell
732
Figure 5. Heparan Sulfate and Chondroitin
Sulfate Expression during Gastrulation
Immunohistochemistry with anti-heparan sul-
fate (A–D) and anti-chondroitin sulfate (E–H)
antibodies on wild-type (A, A, E, E, G, and
G), lzme (B, B, F, and F), heparitinase
I-treated wild-type embryos (C and C), and
Fgf8/ mutants (D, D, H, and H). (A)–(H)
are enlargements of the embryos in (A)–(H).
The negative controls for Chondroitin sulfate
staining were wild-type embryos not treated
with primary antibody (G and G). The strong
immunoreactivity in the embryonic endoderm
(arrowheads) corresponds to crossreactivity
of the secondary antibody used, as similar
staining was observed in heparitinase I-
treated embryos (C) and wild-type embryos
processed without primary antibody ([G] and
not shown). Abbreviations: ee, embryonic ec-
toderm; me, mesoderm; and bm, basement
membrane.
rectly for activity of the Wnt pathway in lzme embryos. highlighted the entire primitive streak (Figure 7B). In
E7.5 lzme mutants, TOPGAL activity was detected inTOPGAL is a transgenic reporter mouse strain that ex-
presses -galactosidase under the control of multimer- the proximal streak, at the same location and expression
level seen in wild-type embryos (Figures 7A and 7C).ized LEF/TCF consensus binding sites. During mouse
embryogenesis, TOPGAL is expressed in areas where E7.5 Fgf8/ embryos also expressed TOPGAL in the
proximal streak (Figure 7D). Both lzme and Fgf8/ mu-Wnt ligands are present and the Wnt pathway is active
(DasGupta and Fuchs, 1999). The TOPGAL reporter was tants never reached the size of wild-type E8.0 embryos,
and we never detected TOPGAL expression throughoutexpressed in a dynamic pattern during gastrulation (E.
Fuchs and B. Merrill, personal communication; Figures the streak in either lzme or Fgf8 mutants. As TOPGAL
expression in the mutants was comparable to that7A and 7B). In wild-type E7.5 embryos, TOPGAL activity
was detected in only the proximal streak (Figure 7A), of size-matched wild-type embryos, we infer that
lzme and Fgf8/ mutants arrested prior to the stageeven though the streak extends to the distal tip of the
embryo at this stage. In slightly older embryos, expres- when TOPGAL is active in the entire streak. Because
Wnt signaling appeared to be normal in lzme mutantssion extended more distally, and by E8.0, TOPGAL activity
GAGs and Mouse Gastrulation
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Figure 6. Expression of Targets of Wnt and Nodal Signaling
Whole-mount in situ hybridization on E7.5 wild-type and lzme embryos with T (A–D), Wnt3 (E and F), mEomes (G and H), Cripto (I and J), and
Lefty2 (K and L) probes. Wnt3 is expressed in lzme embryos (F), and expression of T, a target of Wnt3 activity, is initiated at early stages of
gastrulation (B). At later stages, expression of T is variable in lzme mutants. In most mutant embryos analyzed (12/21; not shown), expression
at the primitive streak is similar to Fgf8 mutants, in which the T expressing cells are located at the anterior of the accumulated mesodermal
cells in the amniotic cavity (Sun et al., 1999). In some other lzme mutants, expression is high in the node but lower (6/21; F, bracket) or absent
(3/21; not shown) in the streak, a result similar to that described for Fgfr1 embryos (Ciruna and Rossant, 2001). nodal is expressed in lzme
embryos (M and N) as assayed by X-Gal staining of embryos carrying one copy of a nodal-lacZ allele; the domain of nodal expression is
somewhat broader in lzme than wild-type, probably as a result of a slight developmental delay in the mutants. lzme embryos express Wnt3,
mEomes, Cripto, and Lefty2 (F, H, J, and L). In contrast, nodal mutant embryos do not express any of these markers, nor do they express
Bmp4 or Fgf8 (see Figure 2 and Figure 3 for expression in lzme). All panels show lateral views of whole-mount embryos excepting 6B, in
which the embryo is slightly rotated toward its posterior side.
prior to developmental arrest, we conclude that the Wnt Syndecan1 cannot be the only GAG-modified core pro-
signaling pathway is active in the absence of detectable tein required for early embryonic Fgf signaling, as mice
proteoglycans during mouse gastrulation. that lack syndecan1 survive to adult stages (Stepp et
al., 2002). Single mutants for other proteoglycan core
proteins (such as mutants for syndecan3, syndecan4,Discussion
glypican2, glypican3, perlecan, and versican) also sur-
vive past gastrulation (http://www.informatics.jax.org/),Proteoglycans Are Required for Fgf Signaling
suggesting that more than one GAG-modified proteogly-in the Developing Mouse Embryo
can species can activate Fgf signaling during gastru-Many biochemical experiments have demonstrated a
lation.specific role for heparin and heparan sulfate proteogly-
cans in Fgf signaling. Heparin acts as a stoichiometric
coligand with Fgf, facilitating ligand-receptor interac-
GAGs Are Required for Fgf Signalingtions. Indeed, crystal structures of stable Fgf ligand-
and Not As a Substrate for Cell Migrationheparin-receptor complexes have been determined
A variety of experiments have suggested that GAGs and(Schlessinger et al., 2000), and specific residues of Fgfs
proteoglycans are important for cell migration (reviewedthat interact with heparin have been identified (Bellosta
in Bernfield et al., 1999). Because heparan sulfate iset al., 2001). The results presented here confirm the
enriched in the basement membrane of the epiblast andsignificance of the biochemical interactions between
chondroitin sulfate is expressed specifically in mesoder-Fgfs, Fgfrs, and proteoglycans and demonstrate that
mal cells (Figure 5), these proteoglycans are in the cor-proteoglycans are essential in vivo for mammalian Fgf
rect position to regulate mesoderm migration. Althoughsignaling.
the similar cell migration defects in lzme, Fgf8, and Fgfr1The identity of the proteoglycan core proteins (the
mutants raised the possibility that Fgf signaling mightsubstrates for GAG addition) that are required for activa-
regulate GAG synthesis, we found that heparan sulfatetion of Fgf signaling during gastrulation is not clear.
and chondroitin sulfate were present in Fgf8 mutantSyndecan1 is expressed at high levels during gastrula-
embryos. We conclude that GAGs are essential fortion (Sutherland et al., 1991) and has been implicated
in Fgf binding (Bernfield and Sanderson, 1990). However proper mesoderm migration because they are required
Cell
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in the primitive streak is attenuated in the absence of
Fgf activity (Ciruna and Rossant, 2001). We found that
TOPGAL activity in lzme mutants is activated at the
proximal primitive streak, in a pattern identical to that
of wild-type and Fgf8/ embryos. Thus, we conclude
that proteoglycans are not absolutely required for ca-
nonical Wnt signaling during early mouse gastrulation.
Furthermore, our analysis of TOPGAL in Fgf8 mutants
suggests that the activity of the Wnt3 signaling pathway
during gastrulation does not depend on Fgf signaling.
Our results suggest that the role of proteoglycans in
Drosophila Wg and Dpp signaling is not evolutionarily
conserved. The biochemical mechanisms by which pro-
teoglycans stimulate Wg and Dpp signaling are not well
understood, but it has been proposed that proteogly-
cans may stabilize ligands in the extracellular matrix
(ECM) or affect their local distribution (Baeg et al., 2001).
It is possible that those functions are served by other
components of the mammalian ECM, which includes a
number of abundant proteins, such as fibronectin and
vitronectin, not present in Drosophila (Hynes, 2002).
GAGs and Fgf Signaling at Other
Developmental Stages
Since lzme embryos arrest during gastrulation, we were
not able to test genetically whether Fgf signaling is also
specifically blocked in the absence of GAGs at later
stages in development. However, the correspondence
between sites of Ugdh expression and the location of Fgf
Figure 7. TOPGAL Activity in lzme and Fgf8 Mutants signaling centers (Figure 4) suggests that Fgf signaling
Wild-type and lzme embryos carrying a copy of the TOPGAL reporter depends on Ugdh activity throughout development.
transgene were stained for -galactosidase activity. At E7.5, TOPGAL
If all Fgf signaling requires proteoglycans, it is surpris-is expressed exclusively at the proximal part of the primitive streak
ing that lzme embryos implant and develop until gastru-(A); at E8.0, expression extends distally to include the complete
lation, as Fgf4 and Fgfr2 mutant mouse embryos dieprimitive streak (B). lzme embryos (C) activate TOPGAL expression
in the same pattern that wild-type embryos of the same develop- shortly after implantation (Arman et al., 1998; Tanaka et
mental stage. Fgf8 mutants also showed a similar activation of the al., 1998). At this earlier stage, Fgf4 made in the inner cell
TOPGAL reporter in the proximal primitive streak (D). mass is required for proliferation of trophoblast lineage
cells (Tanaka et al., 1998). If proteoglycans are required
for all Fgf signaling, it is possible that maternal tissues
for Fgf signaling and not because GAGs provide a sub- provide the proteoglycans necessary for early postim-
strate on which cells move. plantation development. Alternatively, lzme blastocysts
may retain enough maternally derived Ugdh (or UDP-
glucuronate) to allow proteoglycan synthesis throughWnt and Nodal Signaling during Mouse
Gastrulation Do Not Require Proteoglycans the time of implantation.
Zebrafish embryos homozygous for a null mutationMutations in sugarless, the Drosophila Ugdh gene, pre-
vent mesoderm spreading and tracheal branching, pro- in Ugdh (the jekyll gene) survive until relatively late in
embryogenesis (Walsh and Stainier, 2001), presumablycesses that require Fgf signaling (Lin et al., 1999). Our
findings indicate that the requirement for proteoglycans because a relatively large supply of maternal Ugdh res-
cues earlier GAG-dependent steps in development. jek-in Fgf signaling is evolutionarily conserved in mammals.
In contrast, although Wg (Wnt) signaling is blocked in yll mutants have a specific defect in heart valve develop-
ment, similar to that seen in mouse mutants for theDrosophila sugarless mutants (Binari et al., 1997; Hacker
et al., 1997; Haerry et al., 1997) and proteoglycans ap- core proteins versican and perlecan (Costell et al., 2002;
Mjaatvedt et al., 1998), demonstrating a role for GAGspear to be important for Drosophila Dpp (TGF) signaling
(Tsuda et al., 1999), targets of Wnt and Nodal activity and proteoglycans in this process. Several Fgf ligands
are expressed during vertebrate heart developmentare expressed in gastrulating lzme embryos.
The expression of readouts of Wnt activity deserves (Crossley and Martin, 1995; Kelly et al., 2001), and it
should be possible to test whether the jekyll phenotypespecial consideration because it has been reported that
partial loss of Wnt pathway activity, caused by de- reflects a lack of Fgf signaling during heart valve for-
mation.creased gene dosage of the Wnt coreceptors LRP5 and
LRP6, causes accumulation of cells in the amniotic cav- Mutations altering proteoglycan core proteins and
proteoglycan modification enzymes are responsible fority, a phenotype characteristic of Fgf pathway mutants
(W. Skarnes, personal communication). In addition, anal- a variety of inherited human disorders characterized by
growth anomalies (overgrowth or dwarfism), visceralysis of Fgfr1 mutants suggested that Wnt3a signaling
GAGs and Mouse Gastrulation
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RT-PCR, Invitrogen) using RNA from E7.5 lzme and C57BL/6J (con-and skeletal malformations, mental retardation, and
trol) embryos. The products were subcloned and sequenced. Noconnective tissue abnormalities (Furukawa and Okaj-
changes were detected in Hip2 and Adaptin-related. For Ugdh, tenima, 2002; Hastbacka et al., 1994; Li and Olsen, 1997;
lzme RT-PCR clones were sequenced and all included the six nucle-
Pilia et al., 1996; Stickens et al., 1996). Mutations in otide insertion. A T to G mutation in the seventh intron splice ac-
mouse proteoglycan-related genes have similarly com- ceptor site of Ugdh was identified in genomic DNA from seven lzme
embryos. The genomic change in lzme creates a MaeI restrictionplex phenotypes (reviewed in De Cat and David, 2001;
fragment length polymorphism, which was assayed by digestion ofPerrimon and Bernfield, 2000), but genetic analysis and
PCR amplified products using the primers 5-CTGGCAATTGGTGbiochemical studies have not yet been able to connect
GATTTCT and 5-GATGCAAACCTCCTCCTCTG. The presence ofthese defects with disruption of specific growth factor
Ugdh splice variants in lzme embryos was analyzed by RT-PCR
signaling pathways (Chiao et al., 2002; Merry et al., using the primers 5-CTGCCCGAAGTAGCTCGTTA and 5-CCT
2001). CCTCCTCTGGTAGTCATTC, which amplify fragments of 63 and 69
base pairs in wild-type and lzme Ugdh transcripts, respectively. TheThe demonstration of the specific requirement for
secondary structure of the mutant Ugdh protein was analyzed usingGAGs in Fgf signaling during mammalian gastrulation
the PSIPRED prediction algorithm (http://bioinf.cs.ucl.ac.uk/psipred/;raises the possibility that many of the phenotypes of
Jones, 1999).proteoglycan-related human disorders could be due to
disrupted Fgf signaling. Fgf signaling is required for
Analysis of lzme Mutant Embryos
many of the complex developmental processes that are Embryos were dissected in 0.4% BSA-PBS on day 7 after vaginal
affected by proteoglycan mutations, including develop- plug. Embryos were fixed overnight in 4% paraformaldehyde at 4C
ment of kidney, skeleton, heart, and lung (Ornitz and and stored in methanol at 20C until used for in situ hybridization.
Whole-mount RNA in situ hybridization was performed as describedItoh, 2001). There are provocative examples of connec-
(Belo et al., 1997). Probes were labeled with digoxigenin RNA label-tions between proteoglycans and Fgf signaling in ge-
ing kit (Boehringer Mannheim), precipitated with LiCl-ethanol, andnetic disease; for example, human hypochondroplasia
resuspended in hybridization buffer. Before precipitation, some
can be caused by Fgfr3 mutations (Rousseau et al., probes were partially hydrolyzed in carbonate buffer (pH 10.2) for
1996) or by mutations in Colony stimulating factor 1 20 min at 65C. The genotype of embryos was confirmed by PCR
receptor (Csf1r), a sulfate transporter required for spe- after in situ hybridization.
Immunohistochemical staining was performed as described (Ya-cific sulfation of GAG chains on proteoglycans (Hast-
mada et al., 1993). Pregnant mothers were perfused and embryosbacka et al., 1994). Analysis of mouse phenotypes
in decidua were fixed overnight, then embedded in OCT compoundcaused by tissue-specific inactivation of Ugdh and of
(Tissue-Tek). Cryosections were done at 8 m. Antibodies used
specific Fgfs will test whether proteoglycans can modu- were: mouse anti-chondroitin sulfate (Clone CS-56, Sigma), mouse
late the activity of several signaling pathways or are re- anti-heparan sulfate (10E4, Seikagaku Corp.), rabbit anti-laminin
quired specifically for Fgf signaling later in development. (Sigma), mouse anti-E-cadherin (Sigma), and fluorescent secondary
antibodies from Jackson ImmunoResearch. As controls for heparan
sulfate antibody staining, wild-type and lzme embryos were treatedExperimental Procedures
with heparitinase I (Seikagaku Corp.) for 4 hr at 37C before immuno-
histochemistry.Mouse Strains and Genotyping
Whole-mount embryos were photographed with a Canon EOS-1The lzme mutation was generated by ENU-mutagenesis of C57BL/6J
digital camera mounted on a Leica MZFLIII scope. Sectioned em-males, as described previously (Kasarskis et al., 1998). The mutation
bryos were analyzed with a Zeiss Axiophot2 microscope and photo-was backcrossed to the C3HeB/FeJ background for mapping and
graphed with a Photometrics CoolSNAPfx camera and IPlabthe embryonic phenotype was analyzed in congenic C3HeB/FeJ
software.animals. The nodal-lacZ allele was obtained from Dr. Elizabeth J.
nodal expression and TOPGAL activity were analyzed by X-GalRobertson, the FGF82,3n null strain from Dr. Erik Meyers (Meyers
staining detection of -galactosidase activity (Hogan et al., 1994).et al., 1998), and TOPGAL transgenic mice from Dr. Elaine Fuchs
nodal expression was assayed in embryos carrying one copy of the(DasGupta and Fuchs, 1999). The genotype of mice and embryos
nodal-lacZ allele. lzme/;nodal-lacZ/ embryos were phenotypi-for the lzme locus was determined by linkage to two flanking SSLP
cally indistinguishable from lzme/ embryos.markers on chromosome 5 from the MIT database (www.informatics.
jax.org) or generated by us from physical map information (see
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